Abstract-The investigation of terahertz generation by the surface of n-InAs layers and by GaAs nanowires grown on nGaAs(111) substrates is presented. It was observed that the terahertz radiation power efficiency is significantly higher in the second case.
I. INTRODUCTION AND BACKGROUND
REELY arranged semiconductor nanowires (NWs) are one-dimensional nanostructures considered as promising THz emitters. The most typical ways to generate THz are based on generation in semiconductors by means of various processes, in nonlinear crystals by means of optical rectification, and in plasma via two color photoionization 1 . THz generation by semiconductor NWs may be due to some physical process. The first process is non-linear optical effect (known as optical rectification). Due to the second-order nonlinear susceptibility THz waves are generated as difference frequency mixing. The second process is due to the photocarriers excitation. There are some physical mechanisms: acceleration of photocarriers in a surface depletion field; acceleration of photocarriers due to fields at the metal-nanoparticle/NW interface; ambipolar diffusion of photocarriers, i.e. the photo-Dember effect. The THz emission has been reported from a variety of nanostructures [2] [3] [4] . This paper is devoted to THz generation by GaAs NWs. GaAs NWs were grown on GaAs(111)B substrates by MBE 5 . Chosen orientation of the substrates permitted to grow NWs perpendicular to the substrate. On most of the specimen NWs were grown with Au as a catalyst, however one sample was grown without Au and its NWs have Ga caps on the tips.
As it is known metal-semiconductor barrier (Schottky barrier) generally depends on doping level of the semiconductor and the surface quality. However, it is known that the GaAsGa contact under high temperatures, higher than 300 Celsius, changes to ohmic contact (Mott-Curney contact). Since the NWs were grown at a temperature of about 550 Celsius the contact field can be reduced to zero.
We had samples with n-and p-type GaAs NWs with Au and Ga caps on the tips. The average diameter and length of GaAs NWs are 20 and 300-1000 nm, respectively.
II. RESULTS
We use Ti:Sapphire lasers operating in the 710÷950 nm wavelength range at a repetition rate of 78 MHz and producing 10-nJ pulses for photoexcitation of the GaAs NWs and InAs layers. The pulses have duration of 15 fs and 90 fs. The detection techniques of THz emission involved electrooptic sampling via 1-mm ZnTe crystal for electric field amplitude and phase recognition and Golay cell detector for power measurements.
During the investigation it was shown that the contribution of the optical rectification effect to THz generation in the GaAs structures is insignificant. One of these experiments was the one with linear autocorrelation. The sample was illuminated by two consecutive 90-fs optical pulses. We measured the power of THz emission collected in the specular direction as a function of relative time delay between the pulses. The THz pulse duration was estimated from the interference pattern at 500 fs ( Fig. 1 ). It proves that THz emission is generated by photocurrent and not via non-linear optical effects as THz pulse duration would have been about 90 fs.
We investigated angular dependence of THz emission and reflectivity of IR radiation. Polarization and angular dependences were studied at low excitation levels. The experiment was conducted in mirror reflection geometry. It was shown that THz power monotonically increases with increasing angle of incidence θ (Fig. 2) . And at an angle of 45 degrees we can see that THz powers for s-and p-polarizations are very similar, in contrast to THz emission from the semiconductor surface. This observed THz emission dependence on polarization indicates THz emission is generated by GaAs NWs. Also it was detected that the minimum of reflection coefficient for p-polarization has moved in comparison with reflection coefficient for pure GaAs bulk (Fig. 2) . We estimated refraction index for a 2-layer medium, the first one is a thin layer consisting of GaAs NWs and air between them and the second one is a thick substrate. We used uniform medium approach for the thin layer since the size of surface inhomogeneities is smaller than the optical pump wavelength. Our estimates showed that the effective refraction index of this thin layer is n eff = 1.42 + 0.83i.
In conducted pump-probe experiments we measured waveforms of THz emission from the nanostructures. At low excitation THz electric field changes linearly as excitation power is varied and then changes into another linear dependence (Fig. 3) . This result together with results of angular THz dependence measurements shows that THz emission is generated by the carriers moving in the NWs and not in the substrate. It is more effective than generation at the GaAs surface that appears at high excitation level. In Fig. 4 one can see that the THz field amplitude from the GaAs NWs is about 2 times weaker than from a 0.7-um nInAs epitaxial layer (n=2·10 17 cm -3 ) grown on GaAs, even though the fill factor of the NWs is about 1/80. This shows that the GaAs NWs are effective emitters of THz radiation. The corresponding spectrum of the THz emission is given in inset.
Such a high efficiency can be explained in the following way. The current generating THz waves can be represented as a point dipole. Thus, the current in a NW can be represented as a dipole above the surface and almost all the radiation leaves the sample. When the dipole is located below the surface only a small amount of radiation comes out due to total internal reflection. Even a rough estimate shows twentyfold gain [3] . The shift of THz spectrum is likely to be explained by plasma motion to the wire surface. Also the waveforms of the samples with n-type and p-type NWs were investigated. In graphs presented in Fig. 5 one can see the dependences of electric field on excitation power for samples with different GaAs NWs and for GaAs bulk. According to known energy band diagrams the following conclusions were made:
Firstly, for the sample with n-type GaAs NWs: the highest efficiency of THz generation is due to the fact that drift and diffusion currents are codirectional.
Secondly, for the sample with p-type GaAs NWs with Ga caps: low efficiency of THz generation is due to the fact that there is no or week drift current.
Lastly, for the sample with p-type GaAs NWs with Au caps: the lowest efficiency of THz generation is due to the fact that drift and diffusion currents are contradirectional and make similar contributions.
Understanding the dynamics of charge carriers in semiconductor nanostructures is critical to the use of these materials in electronic and optoelectronic devices. Therefore in another experiment we investigated the influence of the carriers created by the first optical pulse on THz emission from the carriers created by the second optical pulse moving in the NWs. Figure 6 shows the temporal dynamics of THz radiation from the moment when electron-hole plasma was excited by the first optical pulse. We assume that this steep drop of THz power during 3 ps is due to the contact field screening by separated carriers. It could be due to drift of carriers in the contact field. The drift velocity of carriers was estimated at 10 7 cm/sec. Subsequent restoration is due to carriers' recombination that can be represented in two stages. At first, when carriers' density is high, recombination is fast due to Auger recombination and charge trapping in the NWs' surface. It lasts for a short period of time, about 100 ps in our case. Then, further THz regeneration is associated with interband recombination.
III. CONCLUSION
We measured THz emission from GaAs NWs induced by drift and diffusion photocurrents. The contribution of the drift current is bigger than of the diffusion current in GaAs NWs with Au caps on their tips. THz emission from GaAs NWs can be 40 times higher than from the surface of InAs taking into account the fill factor. Additional excitation of NWs by IR pulses leads to the steep drop of THz power followed by slow monotonic recovery up to the prior level.
